Abstract X-ray absorption spectroscopy and photoemission electron microscopy are techniques commonly used to determine the magnetic properties of thin films, crystals, and heterostructures. Recently, these methods have been used in the study of magnetoelectrics and multiferroics. The analysis of such materials has been compromised by the presence of multiple order parameters and the lack of information on how to separate these coupled properties. In this work, we shed light on the manifestation of dichroism from ferroelectric polarization and atomic structure using photoemission electron microscopy and x-ray absorption spectroscopy. Linear dichroism arising from the ferroelectric order in the PbZr 0.2 Ti 0.8 O 3 thin films was studied as a function of incident x-ray polarization and geometry to unambiguously determine the angular dependence of the ferroelectric contribution to the dichroism. These measurements allow us to examine the contribution of surface charges and ferroelectric polarization as potential mechanisms for linear dichroism. The x-ray linear dichroism from ferroelectric order revealed an angular dependence based on the angle between the ferroelectric polarization direction and the x-ray polarization axis, allowing a formula for linear dichroism in ferroelectric samples to be defined.
Introduction
Dichroism techniques have been employed in a wide variety of studies-from imaging domains and domain walls in magnetic [1] and magnetoelectric [2, 3] materials to investigating surface and interface effects such as magnetic vortices [4] , strain-induced magnetism [5] and exchange coupling [6] . The polarization-dependent absorption that characterizes dichroism originates from anisotropies in the charge or spin of the material [7] . X-ray magnetic circular dichroism (XMCD)-the change in absorption between left and right circularly polarized x-rays (or equivalently between a magnetic field applied in two antiparallel directions)-has been utilized to study ferromagnetism since 1991, when it was first predicted to occur in 3d transition metals by van der Laan [8, 9] . Although XMCD is an excellent method for studying ferromagnetism, the technique is not suited for use on an antiferromagnet due to the absence of the imbalanced density of spin states at the Fermi level. In order to characterize antiferromagnetic materials, a second technique-x-ray magnetic linear dichroism (XMLD)-can be employed. This effect, which utilizes x-rays with linear instead of circular polarization, was first applied to examine terbium iron garnet [8] . Since this work, the application of XMLD in determining the antiferromagnetic spin axis of materials such as LaFeO 3 and BiFeO 3 has brought substantial attention to its potential use in magnetic materials and multiferroics [10] [11] [12] . In the case of BiFeO 3 (BFO), both magnetic and ferroelectric contributions to the linear dichroism were utilized to understand the effect of epitaxial thin-film strain on the evolution of antiferromagnetic order of this material [5] . Although a ferroelectric contribution to dichroism had been discussed in the x-ray and optical regions [7, 13] , an additional component was verified in linear dichroism related to ferroelectricity as well as magnetism. Failure to account for this ferroelectric contribution to the dichroism may lead to incongruous analysis of linear dichroism in multiferroic and magnetoelectric films. Simultaneously, an exclusive knowledge of ferroelectric ordering is crucial in determining the magnetic properties and potential magnetoelectric coupling of multiferroics and magnetoelectric materials. Additionally, if this ferroelectric contribution to linear dichroism is known, a larger range of systems can be explored through this technique. Therefore, we have studied linear dichroism in a purely ferroelectric material, PbZr 0.2 Ti 0.8 O 3 (PZT), in order to fully understand the ferroelectric contribution to dichroism.
PZT films were selected for the present study for many reasons: this material is commonly used in technology, there exists a large body of research on the ferroelectric nature of this material, and it is possible to synthesize high-quality thin films with either monodomain or multidomain structures. Recent studies of local x-ray absorption spectroscopy (XAS) on single-domain ferroelectric PZT revealed a pronounced difference at the Ti L 3,2 absorption edges between the spectra obtained using x-ray polarization parallel and perpendicular to the ferroelectric direction in monodomain samples [14] . Utilizing these differences at the Ti adsorption edge, our study explores the usefulness of XAS and photoemission electron microscopy (PEEM) to understand ferroelectric domains in both single and multiple layers. The following studies illustrate that PEEM is an essential tool to probe local dichroic effects, vital for studies on ferroelectric and multiferroic materials. Our work demonstrates that while a surface charge effect is present, the ferroelectric direction plays the dominant role in the angular dependence of x-ray linear dichroism. Even between in-plane ferroelectric domains (same out-of-plane component), there is a significant difference in the angular dependence. Since dichroism measurements typically involve sample or light polarization rotation, the angular dependence of these contributions must be known to ensure the correct conclusions are reached. The present work explores the angular dependence of the ferroelectric contribution to linear dichroism in PZT films, which will improve the analysis of single and multidomain ferroelectric, multiferroic and magnetoelectric materials via PEEM.
Experimental details
A single crystalline LaAlO 3 (LAO) (001)-oriented (Crystec GmbH, Berlin) substrate was used to grow the 225 nm PZT/15 nm La 0.5 Sr 0.5 CoO 3 (LSCO) heterostructure. Bilayers of PZT and LSCO were fabricated using pulsed laser deposition (PLD) with a KrF excimer laser (λ = 248 nm). The LSCO bottom electrode was deposited at a laser repetition rate of 3 Hz in a background oxygen atmosphere of 100 mTorr at a stable substrate temperature of 650 • C and the PZT was subsequently deposited at 2 Hz in an oxygen atmosphere of 200 mTorr at a substrate temperature of 600 • C. A laser fluence of ∼1.5 J cm −2 was used in the synthesis of both layers. After growth, the heterostructures were cooled at a rate of 5 • C min −1 to room temperature at an oxygen pressure of 760 mTorr. A high-resolution x-ray diffraction (XRD) (Philips X'Pert MRD Pro) revealed ( figure 1(a) ) single-phase, fully 00l-oriented, high-quality PZT films. A magnified view of the 002 and 200 diffraction peaks for the tetragonal PZT and 002 diffraction peak of rhombohedral LAO are shown in the inset of figure 1(a) . The rocking curves of the 200 and 002 diffraction peaks of PZT were measured to find the percentage of a-and c-domains, respectively [15] . Based on this analysis, we estimate that these films possess 30%-40% a-domains (in-plane (IP) polarized) [16] and 60%-70% c-domains (out-of-plane (OOP) polarized) [17] . Atomic force microscopy (AFM) scans ( figure 1(b) ) reveal a smooth surface with a root-mean-square surface roughness of 0.25 nm. As expected for PZT, the AFM scans revealed surface topographical features corresponding to IP polarized a-domains (dark contrast) and OOP polarized c-domains (bright contrast). By calculating the percentage of dark and bright contrasts of figure 1(b), we obtained results for the relative fraction of a-and c-domains in accordance with the XRD results. In addition to uniform single thin films of PZT, we also employed laser MBE-grown double-wedges of La 0.7 Sr 0.3 MnO 3 (LSMO)/PZT thin films in order to fully understand the ferroelectric contribution to linear dichroism. In this second sample a wedge LSMO film with varying thicknesses of LSMO (t LSMO ∼ 0-10 nm) was deposited at an orthogonal direction onto a wedge of PZT film (t PZT ∼ 0-300 nm) to confirm the angular dependence of the ferroelectric polarization in multilayer systems, as discussed later. The temperature and pressure for LSMO deposition were 700 • C and 100 mTorr.
In order to accurately determine the angular dependence of the linear dichroism from ferroelectric directions, it is vital to begin with well-characterized ferroelectric domains. The existence of multiple domains in a single sample is an ideal scenario, as the angular dependence may be compared for several ferroelectric domains in a single attempt, ensuring identical normalization procedures. In light of this, PZT samples were selected that exhibit ferroelectric domains along both the OOP (c-domains) and IP (a-domains) directions. Regions of the PZT/LSCO/LAO thin-film heterostructures were poled using piezoresponse force microscopy (PFM, Cypher, Asylum Research) by applying a bias of 22.5 V between the cantilever tip and bottom electrode within the area in the dotted box in figure 1(c). The phase of the vertical piezoresponse (relative to the applied voltage signal on the cantilever tip) revealed contrast between regions with downward/upward pointing polarization components. The IP PFM image (figure 1(c)) displayed two contrasts; dark cross-hatched patches corresponding to the a-domains and the bright background regions corresponding to c-domains. The violet color within the box of the inset of figure 1(c) shows the poled area of OOP PFM image. A three-dimensional view of the sample geometry ( figure 1(d) ) is provided to show the relative relation of the domain structure to the crystallographic axes of the system. Furthermore, the PFM illustrates that we have ferroelectric domains with polarization directions , such that the domains have head-to-tail alignment and the domain wall is parallel to the {101} of the substrate [16, 18] . This model ferroelectric domain structure forms the reference frame for study of the contribution of ferroelectric polarization to linear dichroism and PEEM measurements.
Soft XAS and PEEM experiments were performed using linearly polarized light provided by beamlines 6.3.1 and 11.0.1 at the Advanced Light Source, Lawrence Berkeley National Laboratory. The incident x-rays were directed at an angle of 30 • with respect to the sample surface. The photoemitted electrons from the sample were extracted into an electro-optical imaging system by an electric field applied between the sample and the electro-optical system. The absorption spectra for these electrons depend on anisotropies in the charge and thus are sensitive to the relative orientation of the x-ray polarization and ferroelectric axes, which are imaged by PEEM. XAS of the Ti L-edge of the PZT sample (figure 2(a)) were measured at room temperature for incident x-rays with polarization in the plane (solid green curve) and out of the plane (dotted pink curve) over an area 50 µm × 50 µm of the PZT film. Figure 2(b) is the x-ray linear dichroism data obtained by subtracting out-of-plane XAS data (α = 0 • ) from in-plane data (α = 90 • ) of figure 2(a). As shown in figure 2(b) , the maximum dichroism was observed at the shoulder of the L 3A -absorption edge. Therefore, subsequent PEEM imaging (acquisition time = ∼10 h) was completed at ± 0.15 eV from the Ti L 3A -absorption edges and further divided for each polarization of the incident x-ray, as is the standard method of analyzing domains by PEEM [19] . The intensities discussed below are the contrast of these divided images. Figure 3 (a) shows a schematic illustration of the incident x-rays and the x-ray polarization axes with reference to the sample. Pink and green double arrows in figure 3(a) indicate the polarization axes of the incident x-rays when α = 0 • (i.e., x-ray polarization at an angle of 30 • from the normal to the surface of the sample) and α = 90 • (i.e., the x-ray polarization lies in the plane of the sample). The three thick arrows (black, red and blue) in figure 3(a) illustrated in figure 3(e). As expected, the PEEM images 3(b) and (e) resemble the PFM image ( figure 1(c) ).
Results and discussion
The intensities of the ferroelectric a 1 , a 2 and c domains (i.e., [100], [010] and [001]) from the divided PEEM images were measured for all polarizations of incident x-rays using image analysis masks to separate contrasts for different domains. Figure 3(f) is the result of a comparison of the intensity of the divided dichroic images versus x-ray polarization from the three different ferroelectric directions in the PZT samples. The upwards and downwards pointing triangles correspond to the intensity values of ferroelectric directions of the a 1 -and a 2 -domains, respectively. The circles represent the intensity profile of the ferroelectric directions of the c-domains. As the polarization of the incident x-rays rotates from α = 0 • to 90 • all three domains reverse contrast (bright to dark and vice versa). For example, at α = 0 • cross-hatched a 1 , a 2 -domains appear bright whereas c-domains appear dark, as shown by the boxes in figure 3(b) . When the polarization of incident x-rays rotates to α = 40 • , the brightness of a 2 -domains is reduced, as shown in figure 3(c) . This intensity reduction causes only the a 1 -domains to appear bright in contrast. With further rotation of x-ray polarization to α = 60 • , both a 1 -and a 2 -domains appear darker and the c-domains brighter, as displayed in figure 3(d) . These effects combine to highlight only the a 2 -domains with dark contrast. Finally, for α = 90 • , a 1 -, a 2 -and c-domains demonstrate the opposite contrast from what was observed at α = 0 • . By analyzing the change in contrast for all the ferroelectric domains as the x-ray polarization is rotated, the angular dependence and mechanism behind the ferroelectric linear dichroism can be determined.
To investigate the angular dependence of the ferroelectric order, we start with the polarization axis of the incident x-rays at α = 0 • . For this angle, the ferroelectric a 1 -and a 2 -domains make a projection of (cos 60 • ) (cos 45 • ) onto the polarization of the incident x-rays. The ferroelectric c-domains make a projection of cos 30 • with the x-ray polarization axis, as shown in figure 3(a) . Thus, the intensity of the ferroelectric polarization from a 1 -and a 2 -domains should have the same value and c-domains should have a different intensity, as observed in the boxes of figure 3(b) . Linear dichroism can be expected to follow a cosine squared relation due to the use of linearly polarized x-rays [14] . Thus, antiparallel directions will have the same projection onto the x-ray polarization axis and a rotation of 90 • in x-ray polarization should result in a reversal of contrast. If the angular dependence of the ferroelectric contribution were proportional to the square of the projections of the ferroelectric directions onto the x-ray polarization axis, the intensity values of a 1 , a 2 -domains and c-domains should have . For this angle, the ferroelectric polarization directions of the a 1 -and a 2 -domains make a projection of cos 45 • with respect to the polarization of the incident x-rays and, thus, the domains appear dark in the dichroic PEEM images shown in figure 3(e) . For the same angle of α, the ferroelectric directions of c-domains are perpendicular to the polarization of the incident x-rays and thus are expected to exhibit minimum intensity in figure 3(f) if the angular dependence of the ferroelectric contribution is proportional to the projections of the ferroelectric directions onto the x-ray polarization axis. From figure 3(f) , however, the reverse is again observed; both a 1 -and a 2 -domains have the same intensity (∼1 − cos 2 45 • = 0.5), and the c-domains have maximum intensity (∼1 − cos 2 90 • = 1). With the help of a series of images, as well as analysis of the corresponding geometries and angles, we extracted the angle dependence of the dichroic contrast for all three ferroelectric polarizations present in the sample. The results are shown in figure 3(g) . The angular dependence of the ferroelectric polarization to the linear dichroism has been modeled as
where P is the ferroelectric polarization at a temperature T and θ FE is the angle between the ferroelectric direction and the polarization axis of the incident x-rays. θ FE can be shown to be related to the polarization axis of the incident x-rays, α.
For example, for a 1 -domains at the sample geometry shown in figure 3(a) , the angular dependence of figure 3(f) follows the cosine squared model fits in figure 3(g) . This cosine squared angular dependence of the ferroelectrics has already been used in multiferroic systems to interpret the magnetic behavior [5] . The results presented here are direct experimental evidence of the cosine squared angular dependence of the ferroelectric polarization contribution to linear dichroism.
To verify the angular dependence of equation (1), the sample was rotated 45 • about the normal of the sample while maintaining the same angle of x-ray incidence (i.e., 30 • with the surface of the sample). In this new geometry, the x-rays intersect the ferroelectric directions of a 1 -domains at an angle of 30 • as shown in the figure 4(a) . The PEEM images at the L 3A -absorption edge in figure 4 were captured by varying the polarization axis of the incident x-ray from α = 0 • to 90 • , as previously demonstrated in figure 3 . Three divided PEEM images are shown in figures 4(b)-(d) for incident polarization, α = 0 • , 50 • and 90 • , respectively. The bright orthogonal patches correspond to the ferroelectric directions of a 1 and a 2 -domains and the dark contrast between them is the ferroelectric directions of c-domains, as shown in figure 4(b) . The three ferroelectric directions are indicated by the boxes in figure 4(d) . For this case of sample rotation, x-rays were incident diagonally to the PEEM images, as shown in figure 4(d) . Figure 4 (e) shows the intensity profiles of three polarization directions in a PZT sample versus α and figure 4(f) presents the predicted angular dependence of equation (1) .
For α = 0 • ( figure 4(b) ), the ferroelectric directions of the a 2 -domains are now perpendicular to the polarization of the x-rays. In this case, the ferroelectric directions of the a 1 -and c-domains make projections onto the x-ray polarization of cos 60 • and cos 30 • , respectively. If the angular dependence of the ferroelectric contribution is again expected to be given by 1-(projection) 2 , the ferroelectric directions of the a 1 -and c-domains should produce intensities of 1 − cos 2 60 • and 1 − cos 2 30 • at this angle. Also, the intensity of the ferroelectric polarization from the a 2 -domains should have a maximum intensity. This observation at α = 0 • is consistent with the expected predictions of figure 4(f). For the incident x-ray polarization α = 50 • , all ferroelectric domains make similar projections onto α. Thus, figure 4(c) shows virtually no cross-hatch pattern due to the similar intensities by all ferroelectric domains. When the incident x-ray polarization is rotated to α = 90 • ( figure 4(d) ), the ferroelectric direction of the a 2 -domains is parallel to the polarization of the incident x-rays. For the same angle, the ferroelectric polarization of the a 1 -and c-domains are perpendicular to the polarization of the incident x-rays. If the angular dependence of the ferroelectric contribution follows the predictions based on their projections onto the x-ray polarization axis, then it would be expected that the ferroelectric directions of a 1 -and c-domains should have maximum intensity and the ferroelectric direction of a 2 -domains should exhibit minimum intensity in the dichroism image corresponding to this angle. From figure 4(f), the matching features are observed for this angle of α = 90 • . In addition to α = 0 • and 90 • , it is evidenced in figure 4 (e) that all ferroelectric directions in the PZT sample follow closely to the expected angular dependence of equation (1), as shown in figure 4(f).
Equation (1) was also verified for the Ti L 3B -absorption edge, at different thicknesses of PZT and in the bilayer system of ferroelectric/ferromagnetic LSMO/PZT thin films (data not shown). The obtained results confirmed the universal nature of the angular dependence of the ferroelectric polarization. Early predictions of ferroelectric effects on XAS [7] suggested that only surface charges on ferroelectric materials needed to be considered. At the top surface of ferroelectric domains, uncompensated charge will create an effective voltage. As a voltage is required to direct the electrons through the PEEM electro-optics, this effective voltage from the sample may influence the efficiency of this process. While an out-of-plane effect from surface charge was observed through changes in the image contrast in this study, a true ferroelectric origin to linear dichroism was also realized [14] . This These results demonstrate that x-ray linear dichroism spectroscopy, in combination with PEEM, is a viable technique to image the ferroelectric domain structure of both surfaces and interfaces, in a manner similar to XMCD-PEEM [20, 21] for ferromagnets and XMLD-PEEM [22, 23] for antiferromagnets. X-ray linear dichroism-PEEM of ferroelectrics provides elemental specificity, surface and buried layer sensitivity (5-10 nm sampling depth) and spatial resolution (∼20 nm) that may not be possible in other ferroelectric imaging techniques, such as piezoresponse force microscopy, scanning electron microscopy, scanning force microscopy, x-ray diffraction and nonlinear second-harmonic generation. When the geometry of the sample and relative angles with respect to the polarization of the incident x-rays are known, the expected outcomes of experiments can be computed, allowing the determination of the ferroelectric directions and the ability to resolve ferroelectric order parameters from magnetic order parameters in magnetoelectric and multiferroic materials. PEEM is the only technique that can perform in situ imaging of ferromagnetic, antiferromagnetic and ferroelectric contributions in magnetoelectric and multiferroic materials without removing the sample from vacuum.
Conclusions
The present study illustrates the use of x-ray photoemission electron microscopy for obtaining detailed surface mesoscopic information on the ferroelectric PbZr 0.2 Ti 0.8 O 3 . Images of Ti L 3 -absorption edges were collected by continuously changing the polarization of the incident x-rays. The linear dichroism intensity resulting from different ferroelectric directions revealed a cosine squared dependence as a function of incident x-ray polarization, rather than simple surface charge effects. Further imaging of ferromagnetic/ferroelectric bilayers and different thicknesses of ferroelectric material confirmed the universal applicability of the expected cosine squared angular dependence of the ferroelectric polarization in multilayer systems. This development allows the present dynamic approach to be used to investigate the effect of ferroelectricity on layer and interface coupling in a wide range of systems, such as magnetoelectric multiferroics, magnetic materials and capped ferroelectric multilayers. Finally, this work further encourages the broad use of imaging techniques based on x-ray dichroism in a wide range of material systems involving complex order parameters, as novel information can be obtained.
